Endopolyploidy in Animals.-The occurrence of polyploid cells or tissues in otherwise diploid organisms, a condition known as polysomaty or endopolyploidy, t has received increasing attention during the past years.
The fact that deviations from the normal chromosome number normally occur in the soma of many plants and animals has become so well established that it has led to the perhaps precocious generalization that uniformly and completely diploid organisms may not exist.
Endopolyploidy appears to be a regular phenomenon in differentiated tissues of flowering plants (Geitler, 5 Berger, 6 Huskins7) and in various organs and tissues of insects (Geitler5). In mammals, endopolyploidy has been described as a typical condition in the liver of the rat and mouse (D'Ancona,8 9 Beams and King,' Biesele,1' Wilson and Leduc", 13) , in megakaryocytes and other types of blood cells (Ries, 14 Potter and Ward,'5 LaCour, 16 Schwarz'7) and in cells from the spleen and kidney in tissue culture (Fell and Hughes"8) . It is also found frequently in tumor cells (Levan and Hauschka '9) .
As regards other classes of vertebrates, the information is at present limited to the amphibians, where endopolyploidy does not seem to be typical for any particular organ or tissue and, as a whole, may be a relatively rare phenomenon. It has been observed occasionally in liver cells of old salamanders (Mancini, 20 Barigozzi2l) , in kidney tubules of frogs (Dawson, 22 Schreiber and Melucci23) and, more frequently, in epidermal cells of the larval tailfin (Fankhauser, 24 Costello and Henley,25 Henley and Costello,26 Blair27).
Mechanisms Producing Endopolyploidy.-Endopolyploidy may be produced by any one of several types of deviations from the normal mitotic processes: (1) failure of cell division following normal mitosis, leading to the formation of binucleate cells which, at the following mitosis, may form a single mitotic figure with the tetraploid number of chromosomes; (2) more or less complete inhibition of the spindle apparatus, similar to that produced experimentally by colchicine and other chemicals, preventing normal anaphase separation of the chromosomes and producing restitution nuclei with the double number of chromosomes ("c-mitosis"); (3) "endomitosis" (in the wider sense), reduplication of the chromosomes within Stages in three successive "c-mitotic" cycles from epidermal cells of two axolotl embryos from the same spawning which presumably began their development with the haploid chromosome number (14 chromatids produced in previous division cycles remain close together in bundles and undergo mitotic changes reaching a very late prophase stage. There is no metaphase plate nor anaphase movement of the chromatids. In later division cycles the bundles of chromatids are looser than in the earlier ones but still do not break apart completely. This condition is clearly intermediate between cases of typical endopolyploidy, with separate chromosomes in polyploid number, and the formation of "multiplestrand" or "polytene" chromosomes in which the reduplicated chromonemata remain uncoiled and intimately associated in bundles to form giant chromosomes, as in the salivary glands and other tissues of larvae of Diptera.
The information on the mechanisms producing endopolyploidy in vertebrates is less complete. In the liver and other organs of mammals, the production of binucleate cells and the formation of a single, tetraploid mitotic figure during the following mitosis have been observed in sections of rat liver (Eeams and King'0) and in living cells from mouse spleen and kidney in tissue culture (Fell and Hughes18) . However, in the mouse liver, polyploid cells may be produced also by an endomitosis or c-mitosislike process, as is shown by the occurrence of prophase-like nuclei with short, compact chromosomes and of single, isolated nuclei that are in telophase (Wilson and Leduc"). These authors suggest that, during the postnatal development of the mouse liver, the mitotic process is suppressed in progressively earlier stages. Failure of cytoplasmic division occurs first; in older ani.aials, mitosis is inhibited at metaphase by suppression of the spindle; still later, endomitosis may occur without breakdown of the nuclear membrane. t
In mouse tumors, cells with polyploid chromosome complexes occur freq.uently, as well as cells the chromosomes of which are twice or four times the normal volume. There is evidence from the presence of an increased number of nucleoli that these enlarged chromosomes possess multiple chromonemata with multiple nucleolar organizers. Both polyploidy and polyteny often occur together and thus are probably produced by similar endomitotic processes. Certain stages of endomitosis corresponding to metaphase and anaphase have been described (Biesele, Poyner and Painter35). Evidence for the existence of double or multiplestranded chromosomes which would imply the occurrence of repeated intranuclear reduplication of chromonemata has also been found in tumors of several other species of mammals and of the goldfish (Biesele"' 36-39).
As regards the origin of endopolyploidy in amphibians, evidence is available for the existence of at least two mechanisms. Partial failure of the spindle in some cells is indicated by the occurrence of more or less broadly connected telophase nuclei in the epidermis of the tailfin of larvae, both untreated, and, more frequently, after exposure to cold (Barber and Callan4O, Costello and Henley25). On the other hand, "arrested" or "relapsed" metaphases have been described with varying degrees of separation of the chromatids which may enter telophase directly (Barber and Callan40, Blair27).
Endopolyploidy in Axolotl Embryos and Its Origin.-In the course of the last ten years we have examined tailtip preparations of several thousand axolotl larvae (Ambystoma or Siredon mexicanum), obtained from various types of matings, to determine the number of chromosomes present. In addition to uniformly diploid or heteroploid tailtips, a number of mosaics were found, most frequently of the haploid/diploid type. As a rule, these mosaics were chromosomal "chimeras," with the two chromosome numbers occupying separate large areas, e.g., the right and left sides of the body, respectively. Such mosaics must be produced by accidents during fertilization or very early cleavage (Humphrey and Fankhauser41). Not infrequently, diploid tailtips with scattered heteroploid cells were also seen but did not furnish definite clues concerning the origin of the abnormal chromosome complexes.
In 1951, three embryos were discovered in the same spawning whose tailtips showed a different kind of mosaicism. The nuclei varied greatly in size and often were irregular in shape without showing a definite pattern of distribution. Mitotic figures were abundant. However, a closer inspection showed that they were all of an unusual type, involving chromosome reduplication without nuclear or cell division. In none of these cells could a spindle or asters be seen. In some cases, the chromosomes were clearly confined within a nuclear membrane. In others, the nuclear niembrane seemed to be absent and the chromosomes scattered in the cytoplasm. While a complete cycle of reduplication thus may have taken place in some cells within the intact nuclear membrane, this membrane disappeared in other cells, at least during "metaphase," so that the term "endomitosis" cannot be applied generally. Actually, in its details, the abnormal mitotic cycle resembles more closely that described in cells treated with colchicine and other spindle inhibitors and is thus designated here as a "c-type mitosis." Whether or not the nuclear membrane actually disappears is of secondary importance; it may well be that both true endomitosis and c-mitosis occur, representing different degrees of mitotic inhibition.
The tailfin of one embryo which must have beefi diploid originally contained large areas of polyploid cells with up to eight nucleoli. The other two embryos were originally haploid and still showed a predominance of haploid cells that were mixed with diploid, tetraploid and some octoploid ones. In the latter two cases, three successive cycles of chromosome doubling must have taken place in some of the cells to increase the chromosome number from the haploid to the octoploid. Various stages of these cycles are represented in figures 1 to 11. Following a normal prophase with chromosomes in the haploid number (Fig. 2) the chromosomes are distributed irregularly and show a progressive separation of the free ends of the chromatids (Fig. 3) . Because of a delay in the division of the centromeres, typical cross-shaped "diplo-chromosomes" are formed. Later on, the centromeres divide and the two chromatids separate completely; however, the grouping of homologous chromosomes in pairs and their frequently parallel arrangement clearly demonstrate their common origin (Fig. 4) ; the diploid number of single chromosomes (28) can be counted. The telophase transformation of the chromosomes could not be followed in detail since telophases were rare; however, all telophase nuclei that could be identified were relatively large and single.
Figures 5 to 8 represent stages in the second reduplication cycle, leading from the diploid to the tetraploid condition. Again, the cross-shaped diplo-chromosomes at "metaphase" and the paired arrangement of the sister chromosomes at "anaphase" are typical (Figs. 7 and 8 ). Large tetraploid nuclei with four nucleoli were quite numerous. Stages of the third cycle were limited to nuclei containing the tetraploid number of early diplo-chromosomes (Fig. 10) . No anaphases with the octoploid number of single chromosomes were present; but several very large, presumably octoploid, nuclei with up to seven nucleoli were found.
In the tailtip that was initially diploid, evidence for two "c-mitotic" cycles leading to the production of octoploid nuclei was plentiful, but no higher degrees of polyploidy could be detected.
It should be emphasized that all three embryos were abnormal and nonviable. A preliminary study of serial sections made by Mr. A. Alan Humphries showed that polyploid cells are present in all organs and tissues throughout the body of the embryos, with stages of "c-mitosis" evident particularly in the epidernis. This same spawning, in addition to a large number of apparently normal diploids also contained a typical haploid whose tailtip showed no signs of endopolyploidy. The cause of theabnormal mitotic behavior of the two other haploids and of the one diploid remains unknown. Neither is it possible to say at what time during development the abnormal form of mitosis first appeared.
The same type of polyploidizing mitosis has since been found in two other tailtips, basically diploid, from two different spawnings. In one of these, various stages of normal mitosis are also present, indicating that the conditions leading to the c-mitotic type can develop in single cells, or in groups of cells, rather than in the embryo as a whole.
Discussion.-As has been mentioned before, the process of chromosome doubling found in axolotl embryos resembles a "colchicine-mitosis" more closely than the endomitosis described in Hemiptera. Not only does the nuclear membrane break down during "metaphase," in some of the cells at least, but the degree of contraction of the chromosomes is more complete than in insects and seems to reach a normal metaphase condition. The delay in the division of the centromeres which leads to the formation of typical diplo-chromosomes with widely divergent chromosome arms closely resembles the effects produced by colchicine in mitoses of Allium as originally described by Levan42 and Berger and Witkus.43 The parallel arrangement of the sister chromosomes at "anaphase" which follows upon the delayed division of the centromeres, and the formation of single telophase nuclei, are also similar in both cases.
A comparison of our c-type mitosis with the modifications of mitosis induced by colchicine-treatment of amphibian cells shows some important differences. Bureau and Vilter44 picture typical diplochromosomes in epithelial cells of axolotl larvae treated with colchicine. However, these mitoses seem to be permanently blocked in this stage, and the centromeres remain undivided. In epidermal cells of newt larvae, Barber and Callan40 describe "star" and "ball" metaphases, with closely bunched chromosomes, as the commonest effects of colchicine. Typical diplo-chromosomes are not formed. The arrest in metaphase is followed either by a lapse of the chromosomes into a normal resting nucleus, accompanied by a division of the centromeres, or by degeneration. In the comea of adult Triturus viridescens, colchicine also produces clumped and star metaphases which seem to revert to interphase without passing through anaphase (Peters4). During recovery from the colchicine treatment, typical diplo-chromosomes may appear, as well as pairs of separate chromatids. In larvae of Xenopus, mitoses are blocked in metaphase with clumped and highly contracted chromosomes (Lfischer41). The majority of these cells become pycnotic and are phagocytized. Only rarely is a polyploid nucleus reconstituted.
In view of the initially haploid constitution of two of the axolotl embryos showing endopolyploidy it is interesting to mention corresponding observations on somatic doubling of the chromosomes in haploid, parthenogenetic grasshopper embryos. While some of these are either entirely haploid or entirely diploid, others contain both haploid and diploid, and sometimes more highly polyploid cells. Chromosome doubling must take place in somatic cells at various stages during development, probably by a process of endomitosis. This mechanism is suggested by the occurrence of haploid cells in metaphase with widely split diplo-chromosomes, and of diploid cells in which the homologous chromosomes tend to lie near one another (King and Slifer,47 Swann and Mickey48). To our knowledge, other stages of the endomitotic cycle have not been described in these embryos.
As far as we know, the c-mitosis-like process leading to endopolyploidy discovered by us in axolotl embryos is the most completely documented case in vertebrates of a somatic reduplication cycle of the chromosomes in the absence of nuclear and cell division. The cytological advantages of this material have made it possible to analyze the critical stages and to check the progress of repeated chromosome reduplication by accurate chromosome counts. Our findings support and complete the partial evidence given by other investigators that a process of chromosome doubling, either with or without breakdown of the nuclear membrane but always in the complete absence of any spindle, may play an important role in the production of polyploid cells in normal and tumor tissues of mammals. Once more it should be stressed, however, that, in axolotl embryos, this c-mitosis-like process is a rare and abnormal phenomenon and not a process connected with the constant appearance of endopolyploidy in certain organs or tissues, a condition which has not as yet been demonstrated to occur in amphibians. As a rule, the chromosome complement with which the fertilized amphibian egg begins its development, whether diploid or heteroploid, seems to be reproduced with a high degree of accuracy during the many cell divisions that take place during development and growth.
Summary.-Endopolyploidy, the occurrence of polyploid cells or tissues in otherwise diploid animals, is a regular phenomenon in many insects and in the liver, and possibly other organs, of mammals. It may originate from (1) intranuclear reduplication of the chromosomes ("endomitosis"), (2) failure of the spindle apparatus ("colchicine-" or "c-mitosis") or (3) failure of cell division and formation of binucleate cells with subsequent establishment of a single mitotic figure at the next division.
In the course of the study of tailtip preparations of several thousand axolotl embryos, three abnormal embryos were discovered that showed a high degree of endopolyploidy; two of these were originally haploid but also contained diploid, tetraploid and octoploid cells; the third embryo was originally diploid and showed an admixture of tetraploid and octoploid cells. All mitotic figures in the three embryos were of an abnormal c-mitosis-like type, without spindle apparatus, with delay in the division of the centromeres leading to the formation of typical diplo-chromosomes, and with reconstitution of single nuclei containing the double number of single chromosomes. Stages in three successive c-mitotic cycles raising the chromosome number from the haploid (14) to the octoploid were found. This rare but spontaneously occurring type of mitosis without spindle apparatus which could be analyzed in detail because of the cytological advantages of amphibian cells, may play a role in somatic chromosome doubling in mammals, along with endomitosis and the formation of binucleate cells.
t The relation between these two terms has not been completely clarified (cf. Mickey,' Lorz,2 Geitler3). "Polysomaty" refers to the regular occurrence of both diploid and polyploid cells in the same tissue and has been limited in its use almost entirely to plants. "Endopolyploidy" is used for all cases of somatic doubling of the chromosome number in animals which lead to the presence of polyploid cells in diploid individuals, or of diploid and polyploid cells in haploids, whether the particular tissue or organ be entirely or only partly polyploid (cf. White4). The resemblance to the term "Endomitotische Polyploidisierung" coined by Geitler3 might imply that endopolyploidy is always produced by intranuclear chromosome doubling ("endomitosis"). However, it seems logical to use the term in a wider sense to include those cases of partial somatic polyploidy in which the mechanism involved either is as yet unknown or consists of total or partial inhibition of the spindle apparatus following the breakdown of the nuclear membrane ("colchicine-" or "c-mitosis"). It is probable that forms of polyploidizing mitosis transitional between endomitosis and c-mitosis occur, or that both may occasionally be found in the same tissue. If, in addition to cells with multiples of the basic chromosome number, aneuploid cells, with unbalanced chromosome complements are present, the term "mixoploidy" proposed by Mickey' may be applied.
I Since this article went to press, stages of endomitosis have been described in embryonic chick cells grown in vitro at 42 to 43°C. (E. F. Stilwell, Anat. Rec., 114, 9-18), and c-mitotic metaphases, probably induced by hypotonicity of the washing fluid, have been found in cultures of skin from a human embryo (T. C. Hsu, Jour. Hered., 43, 167-172 (1952) ).
